An impurity in a semiconductor can have either amphoteric behavior ͑no net production of electron or holes͒, or be an energetically deep center ͑carriers produced only at high temperature͒, or a shallow center ͑carriers produced even at low temperature͒. In most semiconductors ͑e.g., Si, GaAs, GaP, InP, and ZnSe͒ hydrogen impurities do not produce free carriers, being instead an amphoretic center; yet hydrogen does dope n-type some oxides such as SnO 2 and ZnO. We studied theoretically whether or not H could dope chalcopyrite I-III-VI 2 compounds, CuInSe 2 and CuGaSe 2 . Based on the first-principles calculations, we find that nonsubstitutionally incorporated hydrogen forms a deep donor in CuGaSe 2 , but a relatively shallow donor in CuInSe 2 . The interaction of hydrogen with the abundant defect complex (2V Cu ϩIn Cu ) 0 yields an even shallower donor, making CuInSe 2 n type. In addition, our results show that hydrogen passivates the acceptorlike copper vacancies in both CuInSe 2 and CuGaSe 2 , thus eliminating p type behavior. These findings, in conjunction with typical conditions under which CuInSe 2 and CuGaSe 2 are grown, indicate that CuInSe 2 could be doped n type via hydrogen incorporation, whereas CuGaSe 2 could not. The reason for the different behavior of CuInSe 2 and CuGaSe 2 towards hydrogen is that in the latter case the conduction-band minimum is at a considerably higher energy than in the former case. Despite this difference in electrical properties, it is predicted that hydrogen can be stored in both CuInSe 2 and CuGaSe 2 via implantation since the implanted hydrogens decorate copper atoms as well as preexisting copper vacancies.
I. INTRODUCTION
Hydrogen is a ubiquitous impurity in many semiconductors, 1 but its incorporation as an electrical dopant is rare, since it normally acts to passivate existing carriers, forming an acceptor level in n-type and a donor level in p-type materials, e.g., in Si ͑Ref. 2͒, GaAs ͑Ref. 3͒, GaP ͑Ref. 4͒, InP ͑Ref. 5͒, and ZnSe ͑Ref. 6͒. We have recently shown, 7 however, that hydrogen in n-type SnO 2 ͑Ref. 8͒ forms a shallow donor, enhancing n-type electrical conduction. Furthermore, we predicted 7 n-type dopability by H of some large electron-affinity oxides such as TiO 2 and WO 3 . Here, we enquire if hydrogen could be a potential candidate for n-type doping of chalcopyrites, i.e., I-III-VI 2 compounds. Indeed, it has already been demonstrated 9, 10 that hydrogen implantation causes p-to-n conductivity-type conversion in CuInSe 2 . Chalcopyrites used in solar cell applications are mostly being doped through stoichiometry control 11, 12 ͑e.g., Cu deficiency leads to p-type acceptors͒ as opposed to chemical doping. 13 Such nonstoichiometric chalcopyrite samples, on the other hand, are highly compensated since they are rich in both intrinsic donors and acceptors. 14 Thus, doping by hydrogen could provide a better means when the current methods are unsatisfactory. Our results indicate that hydrogen incorporation could help for this purpose. We find, based on first-principles calculations, that nonsubstitutionally incorporated hydrogen forms a deep donor in CuGaSe 2 , but a relatively shallow donor in CuInSe 2 . The interaction of hydrogen with the abundant defect complex, 15 formed by pairing of indium antisite with two copper vacancies in compensated ͑i.e., nonstoichiometric͒ CuInSe 2 , results in an even shallower donor, promising to make CuInSe 2 n type. Our results also reveal that hydrogen passivates the acceptor-like copper vacancies in both CuInSe 2 and CuGaSe 2 , hence eliminating p type behavior. Thus, hydrogen incorporation could provide a novel means for n-type doping of CuInSe 2 , and passivates acceptorlike defects in p-type CuInSe 2 and CuGaSe 2 . In addition, we will show that under appropriate conditions, a copper vacancy in Cu(In,Ga)Se 2 could store as many as four hydrogen molecules.
II. METHOD OF CALCULATION
We calculate the defect transition energies to study the effect of hydrogen on the electrical properties of Cu(In,Ga)Se 2 . The transition energy that corresponds to switching the charge state from q 1 to q 2 of defect D is given by
where E D (q i ) denotes the total energy for defect D in charge state q i (iϭ1,2) embedded in the host system SϭCuInSe 2 or CuGaSe 2 . If the Fermi energy E F is smaller ͑larger͒ than E D (q 1 /q 2 ), then the charge state of D is q 1 (q 2 ). Thus, E D (q 1 /q 2 ) corresponds to the value of E F at which the transition from charge state q 1 to q 2 takes place. The transition energy E D (q 1 /q 2 ) could also be obtained from the defect formation energy of D in charge state q given by
where E S is the total energy of the pure host crystal S. The value of ⌬H D (q) provides further an indication of whether or not the defect D (q) is stable, and thus, abundant. In Eq. ͑2͒, the first term denotes the change in total energy due to breaking host bonds and forming defect bonds; the second and third terms denote the change in chemical potential due to exchange of atoms between the host system and the atomic reservoirs of the elemental solids ␣ϭCu, In or Ga, and Se, and due to incorporation of hydrogen, respectively. n ␣ is then the number of atoms transferred to the atomic reservoir ␣, and n H is the number of hydrogens incorporated; ␣ and H denote the respective atomic chemical potential with ␣ 0 being the zero of ␣ . The last term denotes the energy change owing to exchange of carriers between the defect and the Fermi reservoir. E v denotes the valence-band maximum, which we set as the zero of E F .
The chemical potentials ͕ ␣ ͖ need to satisfy a set of conditions set out to avoid unwanted competing reactions. For example, we set ␣ 0 to the total energy E ␣ of elemental solid for ␣ϭCu, In, or Ga, and Se, so that
This is so because the host system S would otherwise decompose into its elemental constituents Cu, In, or Ga, and Se. For hydrogen, H 0 is set to either to the energy E(H) of free H atom or to half of the total energy E(H 2 ) of free H 2 molecule, depending on the external hydrogen source. Moreover, Cu ϩ III ϩ2 Se must be equal to to the heat of formation ⌬H f of solid CuIIISe 2 if chemical equilibrium is maintained between the host compound and the atomic reservoirs, i.e., CuIIISe 2 ͑s͒ ↔ Cu͑s͒ϩIII͑s͒ϩ2Se͑s͒. Hence, Cu ϩ III ϩ2 Se ϭ⌬H f (CuIIISe 2 ). The latter implies Cu , III , 2 Se у⌬H f ͑ CuIIISe 2 ͒. ͑4͒
The equality in Eq. ͑3͒ ͓Eq. ͑4͔͒ holds for element ␣ if the the host system is in an environment that is extremely rich ͓poor͔ in element ␣. For example, Cu-rich condition implies Cu ϭ0, whereas Cu-poor condition means Cu ϭ⌬H f (CuIIISe 2 ). In addition to Eqs. ͑3͒ and ͑4͒, we must limit the chemical potentials so that the competing binary phases, such as III 2 Se 3 and Cu 2 Se, do not form out of CuIIISe 2 .
The heat of formation used in Eq. ͑4͒ as well as the total energies used in Eqs. ͑1͒-͑3͒ were calculated in the framework of the density-functional theory within the localdensity approximation ͑LDA͒ employing the Ceperley-Alder exchange correlation potential 16 as parametrized by Perdew and Zunger. 17 We utilized the plane-wave total-energy method as implemented in VASP code, 18 and used approximately cubic supercells with fully relaxed atomic positions including 16 molecular units of Cu(In,Ga)Se 2 when no defect is present. We sampled the supercell Brillouin zones by a 2ϫ2ϫ2 k-point mesh generated according to the Monkhorst-Pack scheme. 19 20 The plane-wave basis sets were determined by imposing a kinetic-energy cutoff of 234 eV. The electronic self-consistency loop was iterated until the residual convergence error becomes smaller than 0.1 meV, and the atomic positions are relaxed until the error in the total energy ͑of у64 atoms͒ becomes smaller than 1 meV. Neutralizing jellium background was added to charged supercells, and the total energy was corrected to O(L Ϫ5 ), where L is the supercell size. 21 These computational settings yield an accurate description of the chalcopyrite lattice for CuInSe 2 27 However, the difference between the calculated and experimental heats of formation for CuGaSe 2 is unexpectedly large. In this work, we used the calculated total energies because the accumulated error in
͑2͒ will be of the same order as the error in the heat of formation. The large error in the cohesive energy, on the other hand, is not transferred to the defect formation energy due to error cancellation between ͓E D (q) ϪE S ͔ and ͓ ͚ ␣ n ␣ ␣ 0 Ϫn H H 0 ͔ in Eq. ͑2͒. As illustrated for the intrinsic defects in CuInSe 2 ͑Ref. 15͒ and for H in oxides, 7 the LDA-formation and -transition energies need to be corrected for the LDA band-gap error ⌬E g ϭ⌬E g exp ϪE g lda . For CuInSe 2 LDA calculation results in a near zero band gap, compared to the experimental value 28 of 1.04 eV. The calculated band gap of CuGaSe 2 is 0.25 eV, still much smaller than the experimental value 29 of 1.71 eV. For this reason, we developed a correction scheme described in the Appendix. In this scheme, we first shift the LDAcalculated conduction bands so that the band gap is adjusted to its experimental value. We then add the following corrections to the acceptor (Ϫ/0), direct (ϩ/Ϫ), and donor (ϩ/0) transition energies, respectively,
where C(Ϫ/0)ϭ0.78 and C(ϩ/0)ϭ0.67 are derived in the Appendix.
III. RESULTS
We carried out first-principles calculations for the following H-involving defects: nonsubstitutionally incorporated hydrogen H i , substitutional hydrogen on Cu site (H Cu ), hydrogen incorporated next to the copper vacancy (V Cu ϩH), and hydrogen incorporated next to the complex formed by an indium or gallium antisite plus two copper vacancies (III Cu ϩ2V Cu ϩH).
A. Location of hydrogen impurity in chalcopyrite lattice
We determined the equilibrium geometries of these defects by minimizing the total energy with respect to atomic positions.
H in stoichiometric Cu"In,Ga…Se 2
We examined 12 possible sites for hydrogen along the bond directions ͑i.e., ͓112͔ of chalcopyrite lattice͒, as shown in Fig. 1͑a͒ . If Cu is at ͑0,0,0͒ and Se at (u, u, 1/2͒, then the site 3 is called ''tetrahedral interstitial'' ͑T͒, whereas site 2 ͑closer to Se than T͒ is called ''antibonding'' ͑AB͒ site. We performed geometry optimizations for H ϩ , H 0 , and H Ϫ initially placed on these 12 sites. We found that H ϩ takes up equilibrium position at the Cu-Se bond-center site, as shown in Fig. 1͑b͒ . In this atomic configuration, H ϩ is closer to the Se atom, at a distance of 1.56 Å from it. Both H 0 ͓Fig. 1͑c͔͒ and H Ϫ ͓Fig. 1͑d͔͒, on the other hand, take up equilibrium position at the tetrahedral site next to In or Ga. However, H 0 attracts the nearest Cu atom strongly towards itself, and cause breaking of a Cu-Se bond whereas H Ϫ find equilibrium at a distance of 1.95 Å from In or Ga, without any significant change in the local host environment. Thus, H 0 is closer to Cu at a distance of 1.69 Å, despite being at the tetrahedral site next to In or Ga, while H Ϫ is closer to In or Ga.
H next to V Cu
If H ϩ is placed next to V Cu 0 or V Cu Ϫ , it finds its equilibrium position almost at the same location as bond-centered H ϩ in perfect Cu(In,Ga)Se 2 , but now at distance of 1.51 Å from the Se atom. We find that this is the atomic configuration for the (V Cu ϩH) complex when the charge state is neutral or ϩ. If the charge state of (V Cu ϩH) is Ϫ, however, H is pushed to a distance of 1.76 Å from the Se atom. 30 corresponds to the latter predicted geometry of H-Se ͑with bond length of 1.51 Å) around V Cu . But this is likely the case for Mu ϩ only at high temperatures since muons implanted into CuInSe 2 are trapped by copper vacancies at high temperatures ͑260-340 K͒. 31 Our calculations exclude the possibility of AB Se site: H ϩ initially placed at AB Se site leads to lattice relaxations, moving towards BC Cu-Se site, and finally resides at BC Cu-Se . Such relaxation effects were ignored in the model used in Ref. 30 for the interpretation of the SR data. Hence, the difference between our assignment of BC Cu-Se site and the assignment 30 of AB Se site could originate from the relaxation effects that might be attributed to the large isotopic mass ratio of hydrogen to muon. We think that our assignment of BC Cu-Se as the equilibrium position for H ϩ is more likely than that inferred 30 from muon implantation experiments. Fig. 2 . One could, instead, also imagine equilibrium in molecular H 2 -rich environment so that H ϭ(1/2)E(H 2 ). The vertical scale on the right-hand side in Fig. 1 shows this case. The defect transition energies are marked by filled circles, and the charge states are as indicated.
Systematics of hydrogen location in different solids
It is seen in Fig. 2 that the charge state transition occurs directly from qϭϩ to qϭϪ for both H i and (III Cu ϩ2V Cu ϩH), showing that these defects do not become neutral for any value of Fermi energy. The latter is the case for hydrogen in most semiconductors, 1 and is known as the negative-U behavior. 7 This means that hydrogen will act as a shallow donor or acceptor if its direct (ϩ/Ϫ) transition level is in the vicinity of the conduction-band minimum ͑CBM͒ or valenceband maximum ͑VBM͒, respectively. Figure 2 shows that the direct (ϩ/Ϫ) transition level of H i is located at E c Ϫ0.39 eV in CuInSe 2 , where E c denotes the conductionband minimum, i.e., nonsubstitutionally incorporated hydrogen forms a rather deep donor. On the other hand, nonstoichiometric CuInSe 2 contains (In Cu ϩ2V Cu ) defect complex. 15 The direct transition level of (III Cu ϩ2V Cu ϩH) is located at E c Ϫ0. 15 of H next to (III Cu ϩ2V Cu ) results in a shallow electrical level. This is due to the fact that (III Cu 2ϩ ϩ2V Cu Ϫ ) 0 has two negatively charged copper vacancies and the incorporated hydrogen being next to V Cu Ϫ prefers to be in ϩ charge state as opposed to Ϫ charge state owing to electrostatic interaction. The latter implies a positive contribution to the direct transition energy so that E In Cu ϩ2V Cu ϩH (ϩ/Ϫ)ϭE H i (ϩ/Ϫ) ϩ0.24 eV.
Hydrogenation of CuInSe 2 was observed to pin the Fermi level at E c Ϫ(0.1Ϯ0.1) eV ͑Refs. 9 and 36͒, converting the material n type. We explain this by the calculated donor level of (Inϩ2V Cu ϩH) at E c Ϫ0.15 eV, showing that hydrogen dopes n type CuInSe 2 owing to the formation of (Inϩ2V Cu ϩH) ϩ . Thus, the observed 9,10,36 conductivity-type conversion in CuInSe 2 is explained. Figure 2 also shows that the defects H Cu and (V Cu ϩH) are neutral for E v рE F рE c . This implies that the negatively charged copper vacancies will be passivated upon incorporation of hydrogen once these defects form. Thus, p-type electrical conduction will be weakened upon hydrogenation because the electrons released as a result of H ϩ formation will compensate the holes promoted by V Cu Ϫ . The effect of hydrogen incorporation on the electrical properties of Cu(In,Ga)Se 2 can then be considered as an interplay between passivation and n-type doping, cf. Sec. III D below. Figure 3 summarizes the calculated electrical levels, i.e., the hydrogen transition energies, in CuInSe 2 and CuGaSe 2 . It is seen that hydrogen electrical levels in CuGaSe 2 are ϳ0.2 eV deeper relative to CuInSe 2 . Thus, n-type doping by hydrogen will be much less effective in CuGaSe 2 compared to CuInSe 2 . The fact that the CBM of CuGaSe 2 is ϳ0.6 eV above that of CuInSe 2 ͑Ref. 37͒ explains why hydrogen forms a deeper donor level in the former and a relatively shallow level in the latter.
C. The role of H source and the internal H reservoir
We see in Fig. 2 that the formation energies of H-involving defects are negative ͑cf. the vertical scale on the left͒, in equilibrium with atomic H source, whereas they are positive ͑cf. the vertical scale on the right͒, in equilibrium with molecular H 2 source. Thus, hydrogen incorporation from atomic H source into Cu(In,Ga)Se 2 is exothermic, tak- In , and E F are set to the energy of H atom, the total energy of Cu solid, the total energy of In solid, and the valenceband maximum of CuInSe 2 , respectively.
Defect
Formation energy ͑eV͒
The defect formation energies for hydrogeninvolving defects in CuGaSe 2 as a function of ␣ and E F . The zeros of H , Cu , Ga , and E F are set to the energy of H atom, the total energy of Cu solid, the total energy of Ga solid, and the valence-band maximum of CuGaSe 2 , respectively.
Formation energy ͑eV͒ ing place spontaneously, whereas incorporation from H 2 is endothermic. This explains the experimental difficulty 38 with H incorporation from H 2 gas, and verifies that the use of atomic hydrogen is crucial. 38 We find in the latter case that the implanted hydrogen atoms can decorate copper vacancies inside Cu(In,Ga)Se 2 , causing formation of an internal hydrogen reservoir. To explain this point, we first consider the decoration of a defect D by a number m of H atoms or H 2 molecules. The resulting defect complex is denoted as D ϩmH n , where nϭ1 and 2 for atomic and molecular hydrogen, respectively. The change in energy upon incorporation of m H n species into SϭCu(In,Ga)Se 2 next to defect D is termed as the hydrogen incorporation energy, given by
where the zero of hydrogen chemical potential is set to the energy of H atom, i.e., H 0 ϭE(H). We first note that D ϩmH n forms spontaneously if ⌬E D (m,n) is negative. We next consider incorporation of hydrogen into the host system S from some external hydrogen source. The top panel of Fig. 4 shows this situation schematically. The external hydrogen source ͑with chemical potential H e ) pumps H into the system S if H р H e ͑otherwise hydrogen would leave the system S, diffusing into the source͒. Similarly, hydrogen species
͑6͒ corresponds to the change in the internal energy upon incorporation of m H n species next to D, the incorporation energy is proportional to H i Ϫ H . It follows then that hydrogen species decorating D act as an internal reservoir if the value of H is so that ⌬E D m,n is positive. Figure 5 shows the hydrogen incorporation energy with respect to the hydrogen chemical potential for various neu- for the H 2 molecules accumulated around Cu atom in stoichiometric regions of CuInSe 2 ͓CuGaSe 2 ͔. Hence, decoration of V Cu by two or four H 2 molecules as well as accumulation of one, two, or four H 2 molecules around Cu also requires a relatively small increase in H with respect to the equilibrium value of H in the external reservoir H 2 . Thus, implanted hydrogens either accumulate around copper atoms or decorate copper vacancies. In the latter case, (V Cu ϩH), (V Cu ϩ2H 2 ), and (V Cu ϩ4H 2 ) are formed, resulting in an internal H reservoir. This is illustrated for (V Cu ϩ4H 2 ) in the bottom panel of Fig. 4 , where four H 2 molecules form a tetrahedron orthogonal to that of Se atoms neighboring V Cu . This reservoir supplies hydrogens to form the electrically active H-involving defects. As the system is equilibrated for a long enough period under some H-poor atmosphere ͑e.g., air͒, H gets eventually smaller than H *(V Cu ϩmH n ), so hydrogen tends to diffuse out until H pins to the equilibrium value of H in H-poor atmosphere. This prediction is in line with the observation that 36 the p-to-n conversion is reversed if the sample is stored in air. Thus, the hydrogen implanted into Cu(In,Ga)Se 2 can be taken out by adjusting the external conditions so that chalcopyrites may be utilized for hydrogen storage. The atomic weight percent of hydrogen, however, seems to be rather low ͓ϳ0.2-0.3 % for 10% Cu deficient Cu(In,Ga)Se 2 ] for practical applications.
D. Hydrogen in nonstoichiometric p-Cu"In,Ga…Se 2
As we mentioned in Sec. II B, the effect of hydrogen in nonstoichiometric chalcopyrite ͑i.e., containing V Cu and/or III Cu ϩ2V Cu ) depends on the interplay between passivation and n-type doping. This can be explained in terms of reaction enthalpies for pairing of the defects in Cu(In,Ga)Se 2 , listed in Table IV 
IV. SUMMARY
Our first-principles study shows that the main electrical effect of hydrogen incorporation on chalcopyrites can be summarized as an interplay between n-type doping and passivation. The former is determined by the location of the chalcopyrite CBM, while the latter is controlled by the interaction with the intrinsic defects, i.e., nonstoichiometry. In this respect, H incorporation leads to n-type doping and passivation of acceptorlike defects in CuInSe 2 , while only passivation of acceptor-like defects in CuGaSe 2 . This is explained by noting that the CBM of CuGaSe 2 is considerably higher than that of CuInSe 2 . Despite this difference in electrical behavior towards hydrogen, it is illustrated that the hydrogen incorporation ͑via implantation or otherwise͒ leads to formation of an internal H reservoir in both CuInSe 2 and CuGaSe 2 . ⌫ lda ͑ q 1 /q 2 ͒ϭG͑ q 1 /q 2 ͒ϩC͑ q 1 /q 2 ͒E g lda , ͑A1͒
where G(q 1 /q 2 ) and C(q 1 /q 2 ) denote coefficients determined via regression analysis of Comparison of the LDA transition energies with the corrected transition energies obtained from previously used band-gap-correction schemes 7, 40 indicates that a reasonable description for the variation of ⌫(q 1 /q 2 ) can, indeed, be obtained within the LDA despite the fact that the LDA involves large error regarding the band gap. We assume that Eq. ͑A2͒ should be applicable also for the experimental band gap E g exp , so that ⌫͑q 1 /q 2 ͒ϭG͑ q 1 /q 2 ͒ϩC͑ q 1 /q 2 ͒E g exp . ͑A2͒
From Eqs. ͑A1͒ and ͑A2͒, we obtain ⌬⌫͑q 1 /q 2 ͒ϭC͑ q 1 /q 2 ͒⌬E g , ͑A3͒
where ⌬⌫(q 1 /q 2 )ϭ⌫(q 1 /q 2 )Ϫ⌫ lda (q 1 /q 2 ) denotes the correction to ⌫(q 1 /q 2 ) due to LDA band-gap error, and ⌬E g ϭE g exp ϪE g lda is the band-gap error. The correction to the LDA acceptor (Ϫ/0) and donor (ϩ/0) transition energies can now be obtained from Eq. ͑A3͒ as The values of C(Ϫ/0)ϭ0.78 and C(ϩ/0)ϭ0.67 in conjunction with this equation indicate that the acceptor (Ϫ/0) transition energy follows largely the valence-band edge, whereas the donor (ϩ/0) transition energy follows largely the conduction-band edge. It is interesting to note that the latter was the basic assumption in Ref. 15 to correct the band-gap error for the intrinsic defects in CuInSe 2 . In the present framework, the band-gap correction in Ref. 15 corresponds to the case where C(Ϫ/0) and C(ϩ/0) are ad hoc set to unity. Our procedure makes an empirical determination of these coefficients possible, using the first-principles data. If we further assume that ⌬E g Ӎ⌬E c , Eqs. ͑A5͒ and ͑A6͒ simplify to the Eq. ͑5͒ of Sec. II, which we used in practical applications.
